Comparisons between isothermal depth to the top of the thermocline, and the mixed layer depth based on a ot criterion were undertaken for the tropical world oceans. In three equatorial regions, a shallower mixed layer than isothermal layer occurs, implying the presence of a strong halocline above the thermocline. This distance separating the top of the thermocline and the bottom of the mixed layer is referred to as the "barrier layer", in relation to its impediment to vertical heat flux out of the base of the mixed layer. Different mechanisms are responsible for maintaining the barrier layer in each of the three regions. In the western equatorial Pacific Ocean a salinity budget confirmed that heavy local precipitation most likely results in the isothermal but salt-stratified layer. In the northwest equatorial Atlantic, it is hypothesized that high salinity waters are subducted at the subtropics during winter and advected westward as a salinity maximum in the upper layers of the tropics, resulting in the barrier layer. In the eastern equatorial Indian Ocean, monsoonal related rainfall and river runoff contribute significantly to the freshwater flux, producing salt stratification in the surface. These results suggest the need to include the effects of salinity stratification when determining mixed layer depth.
and to determine the horizontal and vertical processes that are contributing to the mismatch in vertical scales between mixed layer and isothermal depth.
Historically mixed layer depth has been considered synonymous with thermocline depth. This assumption developed more out of necessity (though of course it can still be correctly physically based), as observations consisting of salinity and hence density data were much less common. The existence of the barrier layer indicates that determination of a mixed layer depth based on a temperature criterion alone is not sufficient to indicate the layer affected by surface mixing processes. The isothermal layer does not always correspond to a vertically uniform layer because salinity can govern the stratification of the water column. The mixed layer has to be der'reed relative to both temperature and salinity. The improved data base available today will enable us to confirm the isothermal/mixed layer assumption, thereby gaining a better understanding of characteristics of the mixed layerß Recently Sprintall and Tomczak [1990] undertook a comparison of mean depth and standard deviation for seven different criteria of mixed layer depth using the CTD cruise data of the Western Equatorial Pacific Ocean Circulation Study (WEPOCS) I and II expeditions in the western equatorial Pacific. The der'tuitions for mixed layer were based on differences in temperature, salinity, and density using a variety of critical gradient criteria and net decrease criteria from the surface. Their study suggests the suitability of most of these criteria in determining either mixed layer or isothermal layer depth. The two criteria used in this study are discussed in the analysis of section 2. One, based on a 0.5øC change from the sea surface temperature, gives an indication of the isothermal layer to the top of the thermocline and has been used extensively as a proxy to mixed layer depth. The other method is based on a variable ot criterion that accounts for the thermal expansion required to obtain a net temperature difference of 0.5øC. Hence, this technique accounts for both salinity and temperature effect in determining the depth of the mixed layer. The representativeness of the original data used in the objective analysis in terms of spatial and temporal biases has been discussed by Levitus [ 1982] , who noted that the distribution of observations in the tropical regions was adequate for defining large-scale features that are representative of the real ocean. It is seasonal data grouped according to boreal seasons, although here we will refer only to the monthly groupings to avoid confusion when referring to crossequatorial regions. These groupings are February, March, and April (FMA); May, June, and July (MIJ); August, September, and October (ASO) and November, December, and January (NDJ).
Definition of the Mixed Layer
The definition of the mixed layer depth (mld) is based on a variable sigma-t criterion, and determines the depth where ot is equal to the sea surface ot plus the increment in ot equivalent to a desired net decrease in temperature. This increment in ot uses the coefficient of thermal expansion, calculated as a function of surface temperature and salinity. Thus the technique accounts for both the salinity and temperature effect in determining the depth of the mixed layer. We wish to interpolate to the depth (z--mld) at which Ot, ml d = ot, 0+ AT Dt I  I  I  II I  I  ,'• I  ,  I   18  22  26   temperature . , , , 
SEASONAL STRUCTURE IN THE THICKNESS OF THE BARRIER LAYER
Three equatorial regions consistently displayed, throughout all seasons, a significant positive difference (10 -50 m) between the isothermal layer and c•t based mixed layer criterion, implying the presence of a strong halocline occtmSng above the thermocline. As mentioned previously, the difference between the two depths is referred to as the barrier layer. Here, we will determine the different mechanisms of surface forcing responsible for the maintenance of the barrier layer in each of the three regions. In the following, a Peter's Projection [Peters, 1989; Tomczak and Krause, 1989] The validity of the assumption on the equator where divergence may result is discussed further below. Further, if the box is orientated along the mean zonal equatorial current in the region, then this mass may be used to dilute the salinity from S1 at the eastern boundary to S2 at the western boundary, assuming no change in either the zonal flow (i.e., Ul=U2) or the inflowing and outflowing cross-sectional areas (i.e., A 1=A2). In the region of interest in the western equatorial Pacific an average mixed layer of 35 m was estimated [Sprintall and Tomczak, 1990 ] with an average salinity at 170øE of 34.9 (S1) and at 150øE of 34.6 (S2) according to the Levitus [1982] Are these reasonable assumptions for our model in an attempt to explain the existence of the barrier layer within the western equatorial Pacific to be due to ocean-atmosphere freshwater flux? The assumption that entrainment processes are negligible for this region is supported in the recent observations of Godfrey and Lindstrom [1989] and Lukas and Lindstrom [1991] . As discussed already, the very presence of the barrier layer implies that entrainment cooling, through heat budget implications, cannot be significant in the waters of the western Pacific region. Ekman transport divergence and upwelling at the equator are proportional to the local zonal wind stress [Gill, 1975] . As stated previously, the zonal wind stress for the western Pacific is close to zero along the equator in the annual mean, and is weak during most months of the year [Wyrtki and Meyers, 1975] . Indeed, Levitus [1982] East of 160øW (Figure 2) , the negative isopleths in the subtropics indicate that the equatorial barrier layer is maintained by seasonal subduction of the surface water. This process alternates between the northern hemisphere in FMA (Figure 2a ) and the southern hemisphere in ASO (Figure 2c) . It is described more fully in the following Atlantic Ocean section, where it is shown to be the main source in maintaining the barrier layer structure.
The Northwestern Equatorial Atlantic Ocean
The equatorial northwest Atlantic is also characterized by a shallower isohaline than isothermal layer (Figure 3) . In NDJ (Figure 3d Updated annual and seasonal maps of E-P for the north Atlantic Ocean were produced recently by Schmitt et al. [1989] . The data sets used for this calculation are the heat flux estimates of Bunker [1976] and the precipitation estimates of Dorman and Bourke [1981] . Both of these studies provide an increased spatial and temporal resolution for estimation of E-P over previous work. Their map of annual E-P shows that in the region west of 40øW, corresponding to maximum discrepancies in isothermal and isohaline depths (Figure 3) , there is a net water loss to the atmosphere (E-P>0) of 1000-1250 mm yr-1. Local freshening of the surface layer by excess precipitation, the mechanism that produces the barrier layer in the western equatorial Pacific Ocean and modeled by equation (3), can therefore not be responsible here. Clearly, we must look to other processes, such as horizontal advection from adjoining regions or continental runoff, as a source for dilution of the surface layers.
The region of net evaporation lies immediately adjacent to a band of net precipitation in the tropics found between the equator and 10øN but east of 40øW [Schmitt et al., 1989] . The greatest seasonal variability in E-P in terms of both magnitude and location of gradients is found in this equatorial region. It is associated with the migration of the Atlantic Ocean ITCZ and its accompanying rainfall. There generally appear to be two modes of variability. During December-May a net precipitation band extends across the Atlantic between 0 ø and 10øN, and a net evaporation maximum lies between 10øN and 20øN with a strong zonal gradient between the two. Both The barrier layer during this period (Figures 3b and 3c) is generally shallower and more diffuse and extends down to the equator, thus corresponding in part with the region of net precipitation-1500 mm yr-1 in the E-P balance. This indicates that during some times of the year at the equator there is an excess of precipitation over evaporation, which may be sufficient to allow for the formation of a fresh isohaline layer above a deeper isothermal layer. In all however, the seasonal east-west anisotropy in precipitation allows evaporation to dominate in the annual average in a narrow band extending to the equator from the South American coast to -•45øW. The major area of freshwater gain remains east of 40øW. This evaporative dominance in the western equatorial Ariantic implies that some other mechanism than rainfall must be maintaining the salt stratified isothermal layer.
It is likely that the low salinity outflow from the Amazon and
Orinoco Rivers contributes to the freshwater flux in the surface waters of the equatorial western Atlantic. The Orinoco River has its mouth at-•7øN and contributes 845 mm of freshwater per annum, and the Amazon, with its estuary located on the equator, has a freshwater outflow of 835 mm yr-1 [Baumgartner and Reichel, 1975] . This may be sufficient to account for some of the freshwater excess required to maintain the isohaline layer. These discharge values represent outflow at the river's estuary and have been calculated by Baumgartner and Reichel [1975] using the ratio of total water volume over the catchment area. Interestingly though, Baumgartner and Reichel [1975] assumed that with Coriolis force, one-third of the Amazon flow would be to the northern hemisphere, with two-thirds to the southern hemisphere. However, it is now recognized that the Guiana Current strongly deflects all Amazonian flow to the north and the considerable discharge possibly even strengthens the flow northward at its outlet [Landis, 1971] . Peak flow of the Amazon occurs during the months of May-July, and this is evident in the 50-m barrier layer during these months (Figure 3b) hugging the coast north of the river's mouth. There is no doubt that river runoff must have a contributory effect on the freshwater budget of the tropical western Atlantic; however, Neumann [ 1969] suggests that local precipitation along with advection of extremely low or high salinity water masses must also be considered. The presence of a shallower isohaline than isothermal layer in the tropical Atlantic Ocean has also been observed by Defant [1961] in the Meteor cruises of 1936, and also during the Barbados Meteorological and Oceanographic Experiment (BOMEX) cruises in May, June, and July of 1969 [e.g., see Elliott, 1974] . During the Meteor cruises, almost all stations in the tropics and subtropics were characterized by a nearly isohaline layer with a thin layer containing a well-developed salinity maximum at its base, located above the top of the thermocline and a deeper layer of lower salinity. This saline layer originates at the surface in the subtropics and is formed midgyre in both hemispheres, partially in response to high evaporation [Luyten et al., 1983] . This water is then subducted as the shallow subtropic salinity maximum [Worthington, 1976] and spreads out southward and westward in the NEC of the northern hemisphere, and northward and westward in the SEC of the southern hemisphere. The SEC is the stronger and more constant of these two westward equatorial currents, and usually extends north of the equator to converge with the NEC at -•7øN, 30øW [U.S. Navy Oceanographic Office, 1965]. From here, both currents proceed into the Caribbean as the Guiana Current, or during summer, some flow may deflect eastward to feed the Atlantic Equatorial Counter Current (ECC). The salinity of the maximum varies little and maintains about the same thickness over its long course within the NEC and SEC to well within the Gulf of Guinea. It thus represents an inlxusion of high-salinity water beneath the surface layers of lower salinity in the equatorial regions. The salinity maximum appears to be present everywhere in the tropical Atlantic except in two narrow bands; one between 10 ø and 15øN and extending from 40øW eastward to Africa, and a second, more narrow band between 2 ø and 3øS and extending from 30 ø to 10øW. The two bands without salinity maximum mark the southern and northern limit, respectively, of the subtropical Central Water masses as they extend toward the equator [Worthington, 1976] . Between the two bands the maximum appears again and may be very defined due to the presence of the ECC, being fed by the NEC and SEC from regions west of 35ø-40øW. The distribution of the salinity maximum is imitated in the distribution of the barrier layer evident in shown by the negative isopleths in the subtropical region. This process is similar to that found and described in the equatorial Atlantic; however, in the Indian Ocean it is present mainly during the austral winter months, as obviously Central Water formation can only occur in the southern subtropics of the Indian Ocean basin due to the proximity of the northern Asian land mass.
SUMMARY AND CONCLUSIONS
In this analysis we determine the thickness of the barrier layer that separates the mixed layer from the thermocline in the tropical regions of the world oceans. The thermocline depth was estimated as the depth at which a net temperature change of 0.5øC occurs from the surface. This method was frequently employed by previous studies as being proxy to mixed layer depth. Here, the mixed layer depth is calculated as the depth where the potential density is the sea surface density plus an estimate of the density change required to obtain a temperature difference from the surface equal to 0.5øC if salinity is held constant. Hence any differences in depth produced by the two criteria must be caused by salinity effects.
Three equatorial regions consistently displayed a significant positive difference between the mixed layer depth and the isothermal layer. Different forcing mechanisms were proposed for the existence of the shallow haloclines in each of the three regions. In the westem equatorial Pacific a salinity budget confmned that heavy local precipitation most likely results in the formation of the layer which is isothermal but salt stratified. This is expected due to the coincidence of the distribution of the thick barrier layer with a global minimum in E-P. Understanding the thermodynamics that maintain the barrier layer, and also its role in the E1 Nifio-Southern Oscillation instability will necessarily be of high priority in the imminent Tropical Ocean Global Atmosphere-Coupled Ocean Atmosphere Response Experiment (TOGA-COARE) in the western Pacific warm pool region.
In the Guiana Basin of the north equatorial Atlantic, the region is characterized by net water loss to the atmosphere; hence precipitation cannot be responsible for the distribution of the barrier layer here. It appears that the high salinities found at the surface in the subtropics are subducted from both hemispheres toward the equator during the respective winter season, at the upper end of the temperature/salinity range of the Central Water. This creates a salinity maximum above the Central Water in the tropics. This may then be advected westward into regions of uniform temperature in the equatorial current system, forming a barrier layer in the tropical Atlantic Ocean.
In the eastern equatorial Indian Ocean, monsoonal related rainfall and river runoff produce salinity stratification in the upper layers. The Ganges-Bramaputra-Irrawaddy river systems emptying into the Bay of Bengal during the southwest monsoon season contribute to the freshwater flux, maintaining the shallower isohaline layer, while in the eastern Arabian Sea this task is undertaken by the Indus River.
The above findings stress the importance of including the effects of salinity stratification when determining mixed layer depth of the world oceans. Previously it was thought that the significance of haloclines in the surface layer need only be considered for higher latitudes. However, the results presented here indicate that the inclusion of salinity dynamics are also necessary in the mixed layers of the tropical regions. Often a depth produced by temperature criteria alone does not truly represent the depth of convective overturn which physically defines the mixed layer. The variable c•t criterion for mixed layer depth used here allows for a comparison of mixed layer depths on a world ocean basis, as it accounts for the differences in surface salinities and temperatures with their effect on the coefficient of expansion of seawater. In regions where salinity stratifications are not of consequence, mixed layer depths of the same order as derived from a temperature-based criterion will be found. However, where they differ, truly representative measures of mixed layer depths may be quantified.
